40-A1S3  CM 


UNCLASSIFIED 


THE  SOLAN  H I ND-HAONCTOSPHERE- IONOSPHERE  CURRENT-VOLTAGE 
RELATIONSHIPS)  NAVAL  RESEARCH  LAO  WASHINGTON  DC 
J  A  FEDDER  ET  AL.  29  JUL  87  NRL-HR-SOlt 


■ 

END 

7-  87 
DTK 

MICROCOPY  RESOLUTION  TEST  CHARI 

nauqnai  surlau  of  siandaros_p*^‘ 


la,  REPORT  SECURITY  CLASSIFICATION 

UNCLASSIFIED _ 

2a.  SECURITY  CLASSIFICATION  AUTHORITY 


REPORT  DOCUMENTATION  PAGE 

lib.  RESTRICTIVE  MARKINGS 


2b.  DECLASSIFICATION  /  DOWNGRADING  SCHEDULE 
4  PERFORMING  ORGANIZATION  REPORT  NUMBER(S) 

NRL  Memorandum  Report  6010 
6a  NAME  OF  PERFORMING  ORGANIZATION  6b 
Naval  Research  Laboratory 
6c.  ADDRESS  (Gfy,  State,  and  ZIP  Code) 


3  DISTRIBUTION /AVAILABILITY  OF  REPORT 

Approved  for  public  release;  distribution 

unlimited . 

$  MONITORING  ORGANI2ATION  REPORT  NUMBER(S) 


6b  OFFICE  SYMBOL  7a  NAME  OF  MONITORING  ORGANIZATION 
(If  applicable) 


Code  4780 


7b  ADDRESS  (C/ty,  State,  and  ZIP  Code) 


Washington,  DC  20375-5000 


8a.  NAME  OF  FUNDING /SPONSORING  8b  OFFICE  SYMBOL  9  PROCUREMENT  INSTRUMENT 

ORGANIZATION  0NR  and  NASA  (If  applicable) 

Office  of  Naval  Research  _ 

8c.  ADDRESS  (City,  State,  and  ZIP  Code)  10  SOURCE  OF  FUNDING  NUMI 

Arlington,  VA  22203  PROGRAM  project 

Washington,  DC  20546  ELEMENT  NO  NO 

Arlington,  VA  22217 _  W-16/364  61153N 

1 1  TITLE  (Include  Security  Classification) 

The  Solar  Wind-Magnetosphere-Ionosphere  Current-Voltage  Relationship 


9  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 


10  SOURCE  OF  FUNDING  NUMBERS 

PROGRAM  I  PROJECT  p 

ELEMENT  NO  NO  f 

W-16/364  61153N 


PROJECT 

task 

NO 

NO  RR033- 

61153N 

02-44 

WORK  UNIT 
ACCESSION  NO 
DN880-024 


12  PERSONAL  AUTHOR(S) 

Fedder,  J.A.  anu  Lyon,  J.C 

13a  TYPE  OF  REPORT  13b 

Interim  ff 


16  SUPPLEMENTARY  NOTATION 


113b.  TIME  COVERED 
FROM _  TO 


114.  DATE  OF  REPORT  (Year,  Month.  Day)  |l  S  PAGE  COUNT 

1987  July  29  _  1  23 


_ _ COSATI  CODES _  18.  SUBJECT  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 

field _ GROUP _ SUB-GROUP  i  Magnetohydrodynamics  |  ^  Birkeland  currents 

_ _  Magnetosphere+Ionosphere  Coupling  - 

y 

ABSTRACT  ( Continue  on  reverse  if  necessary  and  identify  by  block  number) 

nature  of  the  solar  wind-magnetosphere-ionosphere  (SW-M-l)  coupling  has  been  a 
'subject  of  intense  study  and  scientific  interest.  We  report  results  from  a  numerical 
simulation  of  the  SW-M-I  system  which  shed  light  on  the  physics  and  behavior  of  the 
controlling  processes.  The  current-voltage  relationship  is  characteristic  of  a  magneto- 
hydrodynamic  dynamo  with  a  load  operating  near  short  circuit  conditions,  -to*  di'sr.usP  the 
operation  of  the  dynamo,  its  location  with  respect  to  the  magnetosphere,  and  important 
implications  of  the  results, for  both  the  earth  and  other  planets  with  intrinsic  magnetic 
fields.  .  . ,  v- 


20  DISTRIBUTION /AVAILABILITY  OF  ABSTRACT  21  ABSTRACT  SECURITY  CLASSIFICATION 

{□UNCLASSIFIED/UNLIMITED  □  SAME  AS  RPT  □  DTIC  USERS  irNCl.ASSTFTF.T1 
22a  NAME  OF  RESPONSIBLE  INDIVIDUAL  22b  TELEPHONE (Include  Area  Code)  I  22c  OFFICE  SYMBOL 

J.D.  Huba  (202)  767-3630  1  Code  4780 

DO  FORM  1473, 84  MAR  83  APR  edition  may  b«  used  unttl  exhausted  SECURITY  CLASSIFICATION  OF  THIS  PAGE 

AH  other  editions  are  obsolete  — -  ~~ ~ 


CONTENTS 


I.  INTRODUCTION 


II.  NUMERICAL  MODEL 


II.  RESULTS 


V.  DISCUSSION  AND  CONCLUSIONS 


ACKNOWLEDGEMENTS 


REFERENCES 


Accesion  For 

NTIS  CRA&! 
DTIC  TAB 

UnannOLT.cS'J 


By . 

DU  ibiitio'i/ 


Avaibb'iity  C-oc'os 

|  r  -J  :t '  t  '-  *•>!  !  Oi 

Ci  t  |  S  p  ■  r.  1 3 1 


[M 


copy 
.  INSPf  CTf 


■wr 


'.n'.v'Cn 'X'ls. 'In'S. 


1 


THE  SOLAR  WIND-MAGNETOSPHERE-IONOSPHERE 
CURRENT-VOLTAGE  RELATIONSHIP 

I .  INTRODUCTION 

Magnet ospheric  convection,  electric  fields,  and  Birkeland  currents 
have  been  an  area  of  intensive  research  over  the  past  20  years.  Recent 
reviews  with  reference  to  many  of  the  earlier  papers  include  the  monograph 
edited  by  Potemra  [1984]  and  papers  by  Hill  [1983],  Wolf  [1983],  Burch  and 
Heelis  [1980],  and  Potemra  et  al.  [1980].  The  intense  interest  in  this 
area  is  motivated  largely  by  a  desire  to  understand  the  interactions  of 
the  SW-M-I  system  and  to  be  able  to  predict  its  effects  on  near-earth 
space  and  man-made  systems  operating  in  this  region.  Impirical  studies  of 
the  coupling  function  of  the  SW-M-I  system  include  Burton  et  al.  [1975], 
Perreault  and  Akasofu  [1978],  and  Reiff  et  al.  [1981],  which  relate  the 
power  input  to  the  magnetosphere  to  solar  wind  conditions.  All  these 
studies  indicate  that  the  dynamo  power  is  sensitively  controlled  by  the 
interplanetary  magnetic  field,  IMF.  Stern  [1978,  1984]  has  convincingly 
argued  for  a  primary  dynamo  in  the  magnetopause-magnetosheath  region  and 
operating  on  magnetic  field  lines  open  to  the  solar  wind.  On  the  other 
hand,  Heikkila  [1984]  and  others  have  studied  the  operation  of  a  dynamo  in 
the  magnetospheric  boundary  layer  operating  on  closed  field  lines.  The 
results  presented  here  strongly  support  the  Stern  model  for  southward  IMF 
conditions. 

A  number  of  previous  studies  of  the  high  latitude  current  voltage 
relationship  have  been  reported.  A  study  by  Robinson  [1984]  using 
incoherent  scatter  radar  data  discovered  a  linear  relationship  between  the 
polar  cap  potential  and  ionospheric  Pedersen  currents.  Fujii  et  al. 
[1981]  and  Fujii  and  Iijima  [1987]  studied  the  seasonal  Birkeland  current 
intensity  and  discovered  that  larger  currents  were  coincident  with  higher 
ionospheric  conductivity.  For  smaller  scale  structures,  Vickrey  et  al. 
[1986],  using  Dynamics  Explorer  satellite  data,  and  Lysak  [1985],  using  a 
theoretical  and  simulation  study,  present  results  which  indicate  that  the 
magnetosphere  dynamo  behaves  like  a  current  source. 

In  this  paper  we  report  results  for  the  global  current-voltage 
relationship  for  the  SW-M-I  system.  Since  this  study  is  restricted  to 
strong  southward  IMF,  the  dynamo  which  we  identify  is  located  on  open 
field  lines.  We  discuss  how  the  dynamo  is  controlled  by  ionospheric 
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conductivity  and  in  the  earth's  SV-M-I  system  operates,  under  normal 
conditions,  very  close  to  short  circuit  and  at  a  fraction  of  the  power 
output  which  is  available.  Finally,  we  discuss  the  implications  of  these 
results  for  the  SV-M-I  system:  the  relationship  between  open  and  closed 
field  dynamos,  the  effect  of  solar  wind  conditions,  the  control  of 
reconnection  on  the  bow,  the  size  of  the  open  field  line  region,  the 
effects  of  increased  auroral  conductivity,  and  the  efficiency  of  coupling 
to  the  solar  wind. 

II.  NUMERICAL  MODEL 

The  simulations  are  based  on  the  ideal  MHD  equations  which  are  used 
to  describe  the  solar  wind  and  the  outer  (beyond  3.5  Rg)  magnetosphere. 
They  are  given  as  follows. 

Continuity: 

|£  +  V  •  <pv)  =  0  (1) 

Momentum  balance: 

p  ||  +  P  (v  •  V)v  +  Vp  =  |  x  B  (2) 

Energy  balance: 

||  =  -  V-(e  +  p)v  +  i  -E  (3) 

Faraday's  Law: 

-  V  x  E  (4) 

Ampere's  Law: 

U2  =  V  x  B  (5) 


Ohm's  Lav: 


E  +  v  x  B  «  0,  (6) 

where  the  symbols  have  their  common  usage.  For  the  magnetospheric-solar 
wind  region  of  interest  the  major  error  in  these  equations  is  the  neglect 
of  the  so-called  Hall  term,  m/pe(^  x  B),  on  the  right  hand  side  of  (6) 
[Siscoe,  1982].  These  equations  are  solved  as  an  initial  value  problem  to 
a  quasi  steady  state  for  a  given  solar  wind  condition. 

Our  recent  simulations  have  included  a  number  of  innovations.  First, 
the  development  of  a  fully-nonlinear,  high-accuracy  algorithm  for  solution 
of  the  HHD  equations  [Lyon,  1987].  Second,  the  use  of  a  spider  web 
numerical  grid  which  is  rotated  around  the  sun-earth  axis  to  provide  a  3- 
dimensional  cylindrical  mesh  which  gives  high  resolution  in  important 
regions  (i.e.,  the  dayside  magnetopause,  the  polar  open  field  line 
region).  Third,  the  inclusion  of  a  model  for  the  conducting  ionosphere, 
which  provides  a  physical  inner  boundary  to  the  MHD  system.  Specifically, 
the  ionosphere  is  modeled  electrostatically, 

7  •  |  E  =  JM.  (7) 


The  parallel  current  density,  Jj(,  is  calculated  at  the  inner  boundary  (3.5 
R£  geocentric  radius)  of  the  MHD  mesh.  It  is  mapped  along  dipole  field 
lines  to  the  ionosphere  where  the  electric  field,  E,  is  computed  using  a 
conductivity  model  for  the  ionosphere.  The  electric  field  is  then  mapped 
outward  to  the  inner  boundary  where  it  is  used  as  a  boundary  condition  for 
both  the  momentum  balance  equation  and  for  Faraday's  Law.  The  system  of 
equations  (1)  thru  (7)  form  a  closed  set  with  the  conductivity,  Z, 
provided.  They  also  constitute  a  realistic,  restricted  physical  model  for 
magnetosphere-ionosphere  coupling.  The  main  effects  ignored  are  the 

f 

Alfven  propagation  time  from  3.5  Rg  to  the  ionosphere,  the  possible 
existence  of  field  aligned  potentials,  and  the  enhancements  to 
conductivity  created  by  precipitating  auroral  particles. 

For  the  results  presented  here  ve  have  used  steady  solar  wind 
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conditions  with  density,  n  =  5  cm  ,  velocity,  V  =  400  km  sec  , 


5  nT  southward.  We  have  also  used 
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uniform  ionospheric  conductivities  for  two  reasons:  first,  the  lack  of  an 
auroral  enhancement  model  coupled  to  the  MHD;  and  second,  to  simplify 
the  interpretation  of  the  results  and  the  identification  of  dynamo 
regions,  since  spatially  varying  conductivities  can  lead  to  polarization 
and  considerable  complication  of  both  the  current  systems  and  the  source 
dynamos . 

III.  RESULTS 

The  results  clearly  demonstrate  the  observed  morphology  of  the  polar 
currents  and  electric  fields.  Figure  1  is  presented  as  an  example  shoving 
the  polar  field  aligned  currents  on  the  left  and  the  electric  potential  on 
the  right.  Clearly  seen  are  the  Region  1  and  Region  2  Birkeland  current 
systems  on  the  left  as  veil  as  the  anti-sunvard  convection  over  the  polar 
cap  and  the  sunvard  convection  at  equatorvard  latitudes  on  the  right.  It 
is  notevorthy  that  the  current  densities,  total  current,  electric  field, 
and  total  potential  are  all  vithin  observed  limits,  even  though  the 
assumed  ionospheric  conductance  of  2.5  mhos  is  somevhat  lov  for  the  solar 
vind  conditions.  It  is  also  interesting  to  note  the  pair  of  currents 
f loving  opposite  to  the  Region  2  system  at  the  lovest  latitudes  near  0800 
and  1600.  These  are  computational  artifacts  since  the  3.5  Rg  inner 
boundary  of  the  model  is  not  a  natural  drift  surface  for  ring  current 
plasma.  In  addition  to  the  currents  shovn  above,  the  model  clearly 
reproduces  the  Svalgaard-Mansurov  effect  [Friis-Christensen,  1984]  for 
East-West  IMF  conditions,  and  the  NBZ  currents  [Iijima,  1984]  for 
northvard  IMF.  Superficially  at  least,  the  simulation  model  appears  to 
behave  in  a  manner  similar  to  the  SW-M-I  system.  To  further  investigate 
the  simulation  model  and  the  physical  mechanisms  operative,  it  is 
necessary  to  adjust  available  parameters  such  as  the  solar  vind  or  the 
ionosphere. 

For  this  study  ve  adjusted  the  ionospheric  conductivity  choosing 
conductance  values  of  0.1,  1.25,  2.5  and  5.0  mhos.  Figure  2  shovs  the 
current-voltage  (I-V)  relationship  (solid  line)  and  the  power  delivered  by 
the  generator  (dashed  line).  The  voltage  axis  marks  the  total  cross  polar 
cap  potential  vhile  the  current  axis  is  the  total  current  in  the  Region  1 
Birkeland  current  system  vhich  flows  through  the  dynamo. 
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Three  features  of  the  I-V  curve  are  striking:  the  first  is  the  near 
perfect  linearity  of  the  Z-V  curve,  the  second  is  that  the  physical 
operating  regime  of  the  SV-M-I  system  is  very  near  the  horizontal  axis 
(short  circuit  current),  and  the  third  is  that  the  dynamo  does  not  look 
like  either  an  intrinsic  voltage  source  (a  horizontal  line)  or  an 
intrinsic  current  source  (a  vertical  line).  The  power  curve  was  derived 
as  the  product  of  the  current  and  voltage.  It  shows  an  approach  to  a 
maximum  for  an  ionospheric  conductance  below  0.1  mho  and  also  demonstrates 
that  the  SW-M-I  system  is  operating  at  a  fraction  of  the  available  power 
because  of  the  high  conductance  of  the  ionosphere. 

The  final  result,  shown  in  Fig.  3,  is  a  sketch  of  the  coupling 
currents,  magnetic  field,  and  electric  fields  for  the  SW-M-I  system 
projected  onto  a  solar  magnetospheric  y-z  coordinate  plane.  The  Region  1 
Birkeland  currents  toward  (away  from)  the  earth  on  the  dawn  (dusk)  side  of 
the  magnetosphere  at  high  latitudes  are  immediately  adjacent  to  the  open- 
closed  field  line  boundary.  As  the  Region  1  currents  reach  the 
magnetopause  they  bend  tailward  along  the  tail-like  magnetic  field  and 
eventually  close  perpendicular  to  the  magnetic  field  through  a  dynamo 
region  in  the  polar  tail  magnetopause-magnetosheath.  A  small  portion  of 
the  Region  1  current  also  closes  through  a  dynamo  region  in  the  low 
latitude  boundary  layer;  however,  these  currents  are  in  series  with  the 
high  latitude  dynamo  which  dominates  the  electromagnetic  induction. 

The  Region  2  currents  as  they  approach  the  equatorial  plane  close 
perpendicular  to  the  magnetic  field  tailward  to  the  near-earth  plasma 
sheet.  Here  the  electromagnetic  forces  work  as  a  motor  or  pump  driving 
the  near  earth  plasma  sheet  plasma  sunward. 

IV.  DISCUSSION  AND  CONCLUSIONS 

The  results  described  above  have  allowed  us  to  begin  to  understand  in 
detail  the  SW-M-I  coupling  and  dynamo  system  for  southward  IMF,  how  it  is 
controlled  by  the  solar  wind,  and  modifications  caused  by  the  ionosphere 
conductivity.  We  consider  first  the  I-V  diagram  (Fig.  2).  The  I-V  curve 
shown  is  for  a  single  solar  wind  condition.  As  the  solar  wind  conditions 
change,  the  curve  shifts  either  to  the  left  or  the  right  without 
materially  changing  shape.  Increasing  (decreasing)  either  the  solar  wind 
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velocity  or  southward  IMF  causes  the  curve  to  shift  roughly  perpendicular 
to  itself  towards  the  right  (left),  increasing  (decreasing)  the  power 
delivered  by  the  dynamo. 

The  dynamo  mechanism  can  be  understood  by  consideration  of  the  plasma 
momentum  equation  (2)  [Vasyliunas,  1984].  In  the  absence  of  Maxwell 
stresses  applied  by  a  conducting  ionosphere  and  the  coupling  currents,  x 
B  =  0;  the  solar  wind  flow  along  the  magnetopause  and  in  the  nearby 
magnetosheath  is  purely  hydrodynamic.  However,  we  may  consider  that  two 

equal  and  opposite  pseudo-currents  flow  in  the  plasma;  a  pressure  driven 

2  2 
current,  Vp  x  B/B  ,  and  a  polarization-like  current,  p/B  (v  •  7)  v  x  B. 

The  pressure  driven  current  is  directed  opposite  to  the  motional  electric 

field,  E  =  -  v  x  B.  When  a  load  is  added  to  the  system  by  the  ionosphere 

and  the  coupling  currents,  the  polarization-like  current  is  reduced  and 

the  difference  between  the  pressure  driven  and  the  polarization-like 

currents  provides  a  MHD  dynamo  mechanism  through  the  Maxwell  stresses. 

The  role  of  the  ionospheric  conductivity  is  to  regulate  the  power 
delivered  by  this  dynamo  through  the  coupling  currents.  It  does  this  in 
two  distinct  ways.  First,  it  controls  the  reconnection  rate  between  the 
IMF  and  the  geomagnetic  field  on  the  nose  of  the  magnetosphere  by 
regulating  the  length  of  the  bow  reconnection  line,  thereby  controlling 
the  amount  of  open  magnetic  flux  in  the  polar  magnetosphere,  which  has 
been  clearly  seen  in  the  results.  Second,  by  regulating  the  strength  of 
the  Region  1  Birkeland  currents,  it  broadens  or  narrows  the  "window" 
[Stern,  1976]  in  the  polar  magnetopause  for  open  polar  magnetic  flux  as  it 
passes  into  the  magnetosheath.  This  narrowing  of  the  window  through  the 
magnetopause  is  clearly  seen  in  Fig.  3  where  the  sunward  and  anti-sunward 
Region  1  Birkeland  currents  along  the  polar  magnetopause  cause  a  distinct 
cusp  formation  in  the  field  lines  as  they  pass  through  the  current  sheet. 
This  cusp-like  topology  for  field  lines  passing  through  the  polar 
magnetopause  is  consistent  with  recent  modeling  results  of  Siscoe  and 
Sanchez  [1987]. 

The  regulation  of  the  SW-M-I  dynamo  by  the  ionospheric  conductance  on 
a  global  scale  is  very  effective.  It  forces  the  system  to  operate  near 
short  circuit  current  on  the  I-V  curve  and  limits  the  power  extracted  from 
the  solar  wind  to  a  fraction  of  that  which  is  available.  This  behavior  is 
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not  necessarily  the  same  for  other  planetary  magnetospheres.  In 
particular,  for  Mercury,  where  the  load  is  the  surface  rock  conductance  of 
approximately  0.1  mhos,  the  power  conversion  should  be  much  more  efficient 
as  has  been  inferred  from  measurements  [Russell  et  al.,  1986]. 

The  results  clearly  show  that  the  amount  of  open  magnetic  flux  is 
controlled  by  the  ionospheric  conductivity  and  the  complete  SV-M-I 
coupling  system.  This  strongly  implies  that,  in  the  simulation  model,  the 
magnetic  reconnection  rate  on  the  nose  of  the  magnetosphere  is  also 
controlled  by  the  conductivity  and  the  SW-M-I  system  and  not  by  any 
numerical  effects.  We  would  suggest  that  in  the  magnetosphere  a  similar 
control  is  effective  for  dayside  reconnection,  and  it  is  not  controlled  by 
resistivity  or  diffusion  or  any  plasma  microphysical  effect  local  to  the 
reconnection  region. 

The  results  presented  here  are  consistent  with  the  previous  studies 
of  Robinson  [1984],  Fujii  et  al.  [1981],  and  Fujii  and  Iijima  [1987].  The 
Robinson  relation  between  voltage  and  current  corresponding  to  the  left 
(right)  shifts  of  the  I-V  curve  depending  on  solar  wind  conditions,  and 
the  Fujii  relationship  between  conductivity  and  current  corresponding  to 
the  shifts  along  the  I-V  curve  caused  by  conductance  changes.  The 
behavior  of  the  dynamo  as  a  current  generator  at  small  spatial  scales 
[Vickrey  et  al.,  1986]  and  at  short  temporal  scales  [Lysak,  1985]  can  be 
explained  by  tests  we  performed  using  localized  enhancements  to  the  polar 
ionosphere  conductance.  In  these  tests  the  localized  enhancements 
polarized  in  such  a  fashion  as  to  keep  the  ionosphere  currents  constant; 
the  global  coupling  of  the  SW-M-I  system  remained  essentially  unaltered. 

The  results  and  conclusions  presented  here  apply  for  solar  wind 
conditions  with  a  strong  southward  component  of  the  IMF.  The  limited  role 
of  the  low  latitude  boundary  layer  in  dynamo  activity  clearly  may  not 
apply  for  northward  IMF  as  we  have  already  seen  in  other  simulation 
results  not  presented  here.  However,  the  state  of  the  SW-M-I  system  under 
northward  IMF  is  much  more  complicated  than  the  relatively  straightforward 
results  presented  here  and  requires  more  analysis. 

It  is  also  essential  that  future  work  link  the  auroral  conductivity 
to  the  magnetospher ic  dynamics.  There  exists  a  strong  possibility  that 
the  SW-M-I  system  is  self-regulat ing.  That  is  to  say,  that  an  increase  in 
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the  power  from  the  solar  wind  can  lead  to  an  increase  in  ionospheric 
auroral  conductivity  which  in  turn  reduces  the  coupling  efficiency  to  the 
solar  wind.  The  auroral  conductivity  is  also  expected  to  play  a  strong 
role  in  substorm  activity  through  the  closure  of  Region  2  currents  in  the 
near  earth  plasma  sheet.  Here  an  increased  auroral  conductivity  can  lead 
to  increased  Region  2  currents  which  inject  the  near  earth  plasma  sheet 
towards  the  earth  and  reduce  the  northward  component  of  the  geomagnetic 
field  near  the  center  of  the  plasma  sheet.  This  type  of  behavior  suggests 
an  ionospheric  substorm  trigger  for  formation  of  a  near  earth  reconnection 
region  and  ring  current  injection. 

Clearly  much  work  remains  to  be  done.  We  hope  to  report  on  the 
nature  of  the  SU-M-I  coupling  and  dynamo  processes  for  northward  IMF  in 
the  near  future.  The  link  between  auroral  conductivity  and  magnetospheric 
dynamics  will  require  further  code  development. 
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Figure  1.  The  field-aligned  currents  (amp  m  )  on  the  left  and  electric 
potential  (volts)  on  the  right  as  a  function  of  magnetic  latitude,  60°- 
90°,  and  solar  hour  angle.  For  currents,  the  solid  (dashed)  contours 
indicate  out  of  (into)  the  ionosphere;  and  for  voltage,  solid  (dashed) 
contours  indicate  positive  (negative)  potential.  The  current  contours 
show  the  Region  1  system  between  70°  and  80°  magnetic  latitudes  and  the 
Region  2  currents  at  lower  latitude.  The  potential  contours  show  the 
anti-sunward  plasma  convection  above  about  75°  latitude  and  sunward 
convection  at  lower  latitudes. 


Current  (MA) 

Figure  2.  The  SW-M-I  current-voltage  relation  (solid  curve)  and  the  power 
relation  (dashed  curve)  for  a  variable  ionospheric  conductance.  The  data 
points  indicated  on  thecurves  are  for  uniform  conductances  of  0.1,  1.25, 
2.5,  5.0  mhos  left  to  right,  respectively.  Over  this  range  of  conductance 
the  I-V  curve  is  almost  perfectly  linear  whereas  the  power  curve 
approaches  a  maximum  at  the  lowest  conductance.  Since  the  average 
effective  conductance  of  the  polar  regions  is  about  5  mhos  and  possibly 
considerably  more  during  active  times,  the  curves  indicate  that  the  SW-M-I 
dynamo  operates  near  short  circuit  current  conditions;  and  therefore,  the 
system  inefficiently  converts  the  power  available  in  the  solar  wind. 
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Figure  3.  A  sketch  of  the  high  latitude  magnetic  field  lines,  currents, 
and  electric  fields  observed  in  the  simulation  results  projected  onto  a 
solar-magnetospheric  y-z  coordinate  plane  and  viewed  looking  sunward.  The 
Region  1  currents  are  centered  on  the  last  closed  field  line  and  connect 
to  the  magnetopause  where  they  flow  tailward  (sunward)  at  dusk  (dawn) 
before  closing  perpendicular  to  the  field  through  the  polar  dynamo  region 
in  the  magnetopause-magnetosheath.  The  Region  2  currents  are  at  lower 
latitudes  closing  through  the  magnetospheric  equatorial  region  sunward 
(tailward)  at  dusk  (dawn)  and  duskward  through  the  near-earth  plasma 
sheet.  The  primary  dynamo  is  on  open  polar  field  lines  for  southward  IMF, 
but  there  is  also  a  secondary  dynamo  in  the  low  latitude  boundary  layer 
for  the  Region  1  current  on  closed  field  lines  which  is  in  series  with  the 
polar  dynamo. 
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